Abstract: Amyloids are non-crystalline and insoluble, which imply that the classical structural biology tools, ie, X-ray crystallography and solution nuclear magnetic resonance (NMR), are not suitable for their analysis. In the last years, solid-state NMR (ssNMR) has emerged as an alternative tool to decrypt the structural signatures of amyloid fibrils, providing major contributions to our understanding of molecular structures of amyloids such as β-amyloid peptide associated with Alzheimer's disease or fungal prions, among others. Despite this, the wide majority of amyloid fibrils display low resolution by ssNMR. Usually, this low resolution has been attributed to a high disorder or polymorphism of the fibrils, suggesting the existence of diverse elementary β-sheet structures. Here, we propose that a single β-sheet structure could be responsible for the broadening of the line widths in the ssNMR spectra. Although the fibrils and fibers consist of a single elementary structure, the angle of twist of each individual fibril in the mature fiber depends on the number of individual fibrils as well as the fibril arrangement in the final mature fiber. Thus, a wide range of angles of twist could be observed in the same amyloid sample. These twist variations involve changes in amino acid alignments that could be enough to limit the ssNMR resolution.
Introduction
Amyloid aggregation of misfolded proteins that escape the cellular quality-control mechanisms is a common feature of a wide range of debilitating and increasingly prevalent diseases such as Alzheimer's, Parkinson's, Huntington's, and CreutzfeldtJakob's diseases. 1 Amyloid fibrils display a core region formed from repetitive arrays of β-sheets oriented perpendicular to fibril axis forming the known cross-β structure. 2 These fibrils are non-crystalline and insoluble, and, for this reason, they cannot be analyzed by X-ray crystallography and solution nuclear magnetic resonance (NMR), the classical structural biology tools. 3 The knowledge of three-dimensional structure of amyloids is critical for understanding the mechanism of self-assembling and the design of potential inhibitors. In the same sense, the structural basis of prion infectivity remains largely elusive, mainly because of the difficulty in obtaining atomic resolution of such structures. 4 In the last decade, solid-state NMR (ssNMR) has emerged as an alternative tool to decrypt the structural signatures of amyloid fibrils, providing major contributions to our understanding on the molecular structures of amyloids such as β-amyloid peptide associated with Alzheimer's disease or fungal prions among others. 5 Despite the numerous attempts to obtain the atomic molecular structure of the majority of amyloid fibrils such as Aβ(1-40) 6 or Aβ(1-42), 7 α-synuclein,
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espargaró et al structure of a few number of amyloid peptides, ie, HET-s prion-forming domain (HET-s PFD) 4, [16] [17] [18] [19] and short peptides of Aβ, [20] [21] [22] Sup35p, 23 or β2-microglobulin 24 have been well resolved. Thus, it could be considered low-resolved ssNMR spectra when the line broadening and the resonance splitting of ssNMR data limits the atomic structure acquisition and well-resolved ssNMR spectra when the atomic structure can be elucidated from ssNMR data. Since amyloid conformation seems to be an omnipresent process in both eukaryotic and prokaryotic organisms, 25 a detailed analysis of decrypted structures could provide essential information on these selfassembling processes. In this sense, we use in the present work the decrypted structure of HET-s PFD to propose the potential causes of the observed low resolution of the most amyloid aggregates when analyzed by ssNMR.
Since prions are infectious proteins assembled as amyloid or amyloid-like structures that have a self-perpetuating capacity in vivo and, thus, turn into pathological infectious agents or protein-based genetic elements, [26] [27] [28] structural models are essential to understand the prion and amyloid motifs. In contrast to the majority of amyloids, the fibrils of HET-s PFD at neutral pH display well-resolved ssNMR spectra facilitating their atomic structural resolution. Since HET-s protein participates in a fungal self/nonself recognition process called heterokaryon incompatibility, 29 the surprising high structural order of HET-s PFD fibrils has been hypothesized to be the consequence of the fact that HET-s has an evolved biological function. 5 The HET-s protein displays a globular α-helical domain appended to a natively unfolded PFD that act together in a structural model wherein amyloid fibrils built from a cross-β core are decorated with globular domains. 30 The HET-s PFD structure based on ssNMR represents the first complete structure decrypted of an amyloid fibril. HET-s PFD fibrils assembled at neutral pH forms a left-handed β-solenoid, with each molecule forming two helical windings, and a highly ordered triangular cross-β compact hydrophobic core with three salt bridges and two asparagine ladders. 4, 16, 19 This model is supported by electron diffraction where a prominent meridional reflection at 0.47 nm -1 (indicative of cross-β structure) is observed; moreover, scanning transmission electron microscopy measurements yielded 1.02±0.16 subunit per 0.94 nm, such values in agreement with the predicted value in the model of the fibrils formed at neutral pH. 31 
ssNMR spectra of HET-s PFD amyloids
A diversity of HET-s PFD amyloids formed in vitro has been reported. 31, 32 These fibrils, which share a width of 5 nm, are observed as tightly twisted fibrils at low pH and as bundled or disordered ones at neutral pH; moreover, whereas HET-s PFD fibrils formed at low pH are not infectious, all HET-s fibrils formed at neutral pH act as prions. 32 The ssNMR spectra of uniformly 15 N, 13 C-labeled, fully hydrated HET-s PFD amyloid formed at neutral pH 4, 16, 19 are qualitatively different from the spectra of Aβ(1-40), 6 amylin,
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Ure2p(1-89) fibrils 13 or HET-s PFD fibrils formed at low pH 33 obtained under very similar conditions. The spectra of HET-s PFD fibrils formed at neutral pH exhibit 15 N and 13 C magic angle spinning (MAS) NMR line widths similar to those obtained for small proteins in microcrystalline states. 34, 35 No evidence for multiple sets of NMR chemical shifts has been reported for neutral pH HET-s PFD fibrils, suggesting the absence of polymorphism at the molecular level. 5 In contrast, HET-s PFD fibrils at low pH display a spectral resolution with line widths between 128 and 202 Hz, which is somewhat worse than that shown by neutral pH fibrils wherein the values of 100 Hz are obtained. This lower resolution of HET-s PFD fibrils at low pH could be associated with a higher disorder degree (Figure 1 ).
33
Classical view for low ssNMR resolution of amyloid fibrils: polymorphisms at molecular level Nowadays, amyloid fibril polymorphism is one of the main arguments to explain the low resolution obtained by ssNMR. 5, 36, 37 Amyloid polymorphism, which is being reported for an increasing number of amyloid-prone proteins, probably reflects that fibrils have not been under evolutionary constraints to retain a single active conformation. 38 Amyloid folding is a consequence of a delicate balance between a multitude of conformational states and of the inter-conversion between them in a complex network of equilibriums. 39 In this context, the alternative conformations of amyloid proteins depend on their multi-step assembly pathways that could be altered by fibrillation conditions. 40 In this way, it is widely accepted that the same amyloid sample could contain several amyloid structures with different β-sheet cores because of alternative amyloid pathways. The presence of different β-sheet cores could be the reason of the low-resolution ssNMR spectra. However, amyloid formation exhibits two classes of polymorphism: one referred to the metastable intermediates commonly observed during amyloid formation and the other, the range of conformational distinct mature fibrils often seen at the reaction endpoint. 41 Hence, polymorphism at the molecular and/or the macroscopic level should be taken into account.
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Amyloids in ssNMr
Challenging the classical view for the low ssNMR resolution of amyloids: the HET-s PFD case
The electronic interactions and the ionization of amino acid residues are the key factors in the formation of different types of amyloid fibrils with alternative β-sheet folds. Since the experimental isoelectric point of HET-s PFD is ~5, 42 pHs below 4 and over 6 could switch between both alternative amyloid pathways, and non-prion and prion pathways, respectively. At neutral pH, acidic (aspartic and glutamic acids) and basic residues (arginine and lysine) are fully ionized entailing the formation of three salt bridges, 19 that could be critical for neutral pH fibril assembling in β-solenoid with a triangular hydrophobic core. In contrast, at low pH, the lag of the salt bridges and the change in the ionic states of several amino acidic residues may arise from a perturbation in the subunit fold, although maintaining a rigid part almost exclusively in β-sheet conformation but -in contrast to the neutral pH fibrils -without flexible residues. 33 These compiled evidences suggest that the pH acts as a trigger between two amyloid pathways in the HET-s model suggesting the formation of only two elementary β-sheet structures: non-prion and prion states at low and neutral pH, respectively. It is relevant to point out that prion HET-s PFD fibrils are assembling at neutral pH in bundled or disordered macroscopic structures at high and low ionic strength, respectively ( Figure 2 ). In contrast, at low pH, non-prion HET-s PFD fibrils are shown as twisted fibers as main macroscopic structure ( Figure 2) . 31, 32 This observation suggests an apparently high polymorphism degree at the macroscopic level for both elementary structures, ie, non-prion and prion HET-s PFD amyloids. It is important to note that whereas the seemingly disordered prion HET-s PFD undergoes aggregation, showing two macroscopic states, ie, bundled and disordered fibrils, sometimes mixed at intermediate conditions; 32 widths. This confirms the existence of a single elementary amyloid structure without any polymorphism. 19 Contrarily, the apparently more ordered low pH fibers display broadening line widths suggesting polymorphism. Since polymorphism at the molecular level would not be envisaged for the samples assembled at pH 3 and 7, the polymorphism at macroscopic level should be responsible for the low resolution of nonprion HET-s PFD (assembled at low pH). Nevertheless, up to now, the reason why the polymorphism at the macroscopic level of prion HET-s PFD fibrils does not affect the resolution of ssNMR spectra remains still unresolved.
Polymorphisms at macroscopic level: the effect of fibril maturation ssNMR measurements require a total homogeneity of the sample to obtain a well-resolved spectrum. However, prion HET-s PFD fibrils at neutral pH, which usually display a large range of macroscopic structures, show surprisingly the well-resolved ssNMR spectra. 19, 31, 32 This finding, indicative of single cross-β structure, suggests that bundled and disordered fibrils share the same cross-β motif. This fact suggests that both bundled and disordered HET-s PFD aggregates could be composed of single, independent, and identical fibrils, which, in turn, could be laterally associated with weak interactions forming stacks or disordered aggregates depending on the external conditions -low and high ionic strength. In this sense, when bundled and disordered HET-s PFD aggregates are brought to pH values close to 4-5 and sonication, neutral pH aggregates are gradually dissociated resulting in individual fibrils. 31, 32 Accordingly, detailed electronic microscopy analysis confirms the presence of 100% of individual fibrils into stacked aggregates of prion HET-s PFD fibrils at neutral pH. 31 In contrast, non-prion HET-s PFD fibrils at pH 3.3 display three types of fibers -individual (92.7%), doublet (5.5%), and triplet (1.8%), and six types at pH 2.2 -doublet (0.8%), triplet (75.8%), quadruplet (0.1%), quintuplet (2.6%), sextuplet (18.4%), and septuplet (2.3%). 31 Interestingly, these fibers cannot be easily dissociated by sonication. 32 Thus, whereas only single fibrils should be considered at neutral pH, several non-dissociable macroscopic fibers are present at low pHs. In summary, at low pHs, single fibrils are strongly associated with forming fibers, whereas at neutral pH, the single fibrils are weakly associated probably with weak electrostatic forces remaining de facto as single fibrils. Interestingly, the polymorphism at macroscopic level has been reported for other amyloid-prone peptides as Aβ. Thus, the formation of several fibers of Aβ40 and Aβ42 displaying different pitch length and twist as well as several macroscopic associations has been shown by cryoEM. [43] [44] [45] In the same way, several Aβ structures have recently resoluted by ssNMR. 46, 47 These compelling evidences suggest that macroscopic polymorphism could also be a potential cause of the usual low resolution of the Aβ ssNMR spectra.
There is a crucial difference between laterally associated single fibrils and single fibrils associated with forming fibers; whereas the laterally associated fibrils act as a solution of associated "cylinders", the fibrils associated with forming fibers behave as a solution of associated "strands" of a rope (Figure 3 ). The main difference lies in the local fibril geometry when they approach each other. The effective "interaction area" between two "cylinders" is typically much larger than that for two "fibers". This results in a much weaker attraction between "fibers" compared with that for "cylinders" association. 48 Nevertheless, since fibers are vastly more stable structures than stacked cylinders, single fibrils associated with fibers are much more difficult to dissociate than those associated as stacked cylinders. In the HET-s model, HET-s PFD fibril stacks observed at neutral pH could be considered as an association of "cylinders" -considering that single fibrils act as a "cylinders". A possible explanation is that finite fibrils are never stable if the primary twist strength is extremely -unrealistically -high; in this case, single fibrils are stable and infinite stacks are formed for higher inter-fibril sticking energies. 48 At neutral pH, we observe protein precipitation -typical of this type of associationsforming different macrostructures that can be dissociated if the "inter-cylinder" stability is reduced (eg, pH, temperature, or sonication) obtaining the single fibrils. In contrast, low pH HET-s PFD fibrils form a clear and stable gel consistent with a veritable "fiber" system. Under these conditions, the inter-fiber association, entailing fiber stacking, is highly unlike because of the intrinsic morphology of the mature fibers, favoring the presence of non-precipitating fibers. In addition, the high fiber stability prevents the fiber dissociation and the existence of single fibrils.
Amyloid mature fiber formation and amino acid alignments consequences
Amyloid fibrils are, for definition, repetitive and very ordered structures, and it is difficult to figure out, that these very regular structures can be heterogeneous and disordered as suggested by ssNMR. This essential paradigm could be explained for the model of self-assembling chiral rod-like units. 49, 50 A peptide in β-strand conformation could be considered as a chiral rod-like unit, with complementary donor and acceptor groups aligned on opposing sides, and 
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Amyloids in ssNMr having chemically different upper and lower surfaces. The rod-like "monomers" self-assemble via recognition between complementary donor and acceptor groups, to form long twisted tapes. The tape twist stems from the chirality of the monomers -naturally occurring amino acids are l-chiralswhich gives rise to a left-handed twist around the long axis of the tape. The differences in the chemical structures of the two faces of the tape and in their affinity to the solvent lead to a cylindrical-like structure. One face of the tape is expected to be less soluble than the other. This chemical anisotropy results in inter-tape attraction and hence in double tape formation, obtaining single fibrils also named ribbons or proto-filaments or proto-fibrils when take part of a fiber. Both faces of the single fibrils are identical and are characterized by a saddle curvature. Hence, the single fibril does not bend, and its axis is straight at equilibrium (Figure 4) . 49, 50 The sides of the single fibrils could be, in turn, mutually attracted resulting in stacks of cylinders or fibers in HET-s PFD model. Stacks are bundled or disordered aggregates, whereas fibers are twisted structures formed mainly by single fibrils triplets.
The equilibrium structure of the individual "tapes" must exhibit a twist resulting from amino acid chirality, 51 nevertheless, the fibrillogenesis from tape -non-stable specie -to single fibrils and fibers entails twist changes. In order to combine two tapes to form single fibrils, the twisted tapes must reduce their primary twist for inter-twist together. In the same manner, when the single fibrils are combined with fibers via weak face-to-face attraction, the stronger are the distortions of the single fibrils and more reduced is the twist-angle ( Figure 5 ). The same is true if different fibers are joined together to form macro fibril structures. Additionally, the characteristics of each single fibril could determine the shape of the mature fiber in both the number of single fibrils and the position of the single fibrils in the rope. Interestingly, the amino acid composition could become a key factor in the fibril association determining the final twist-angle. 52 Thus, importantly, there is a relationship between the number of single fibrils that forms a fiber and the twist reduction. In case of "small" peptides, the formation of a tape-to-tape union is essential for the single fibril formation. In contrast, "long" peptides, ie, Aβ(1-40) or HET-s PFD, have the tendency to form a roll structure in a same monomer obtaining single fibrils composed by a single subunit monomer per unit of length. 3, 31 HET-s PFD single fibrils are composed by monomers in cross-β structure forming an axial stacking of β-solenoids with two coils per unit. 31 HET-s PFD single fibrils at neutral pH are obtained as individual entities with the same angle of twist, entailing the same amino acid alignments. In contrast, HET-s PFD single fibrils at low pH are part of fibers mainly triplets and sextuplets. As previously stated, single fibrils in triplet or sextuplet structures display different twist-angle and consistently different amino acid alignments. Thus, at low pH, we should expect the existence of a single low pH HET-s PFD single fibril structure with different twists depending on both the number of single fibrils that compose every fiber and the macroscopic distribution of the single fibrils in the mature fiber ( Figure 6 ). These amino acid alignment variations between consecutive and identical β-stand monomers could explain the low resolution of HET-s PFD fibers at low pH by ssNMR. In concordance of our assumption, recently it has been shown that spontaneous aggregation of the insulin-derived steric zipper peptide VEALYL resulting in different aggregation forms with common features. The comparison of ssNMR chemical shift data of twisted and untwisted structures from molecular dynamic (MD) simulations, suggest that different angles of twist could be the responsible for the experimentally observed line broadening and resonance splitting by ssNMR.
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Conclusion
Amyloid aggregation can be considered as a universal and generic process. Since amyloid polymorphism has been reported for an increasing number of amyloid-prone proteins, it is likely that other amyloid-prone proteins display a similar behavior than that shown for HET-s PFD amyloids at low pH, showing different types of non-easily dissociable fibers composed for a discrete number of identical single fibrils with the same β-stand motif. The number of single fibrils as well as the relative position of those in the mature fiber could entail a wide range of angles of twist, involving changes in amino acid alignments between β-stand monomers that could be enough to limit the ssNMR resolution. The variation of the external conditions (eg, pH, temperature, ionic strength, agitation, and sonication) can alter the equilibrium among different amyloid structures favoring determined ones. The research of the ideal conditions to obtain a specific structure or the isolation of individual single fibrils will make possible better ssNMR determinations and open the possibility to decrypt new amyloid proteins in their amyloid fold. . These fibers vary in width from ~4.5 nm at the thinnest parts (=crossovers) to ~14 nm at the thickest parts where the three component single fibrils are resolved in many cases. the inter-crossover spacing ranges from ~130 nm for most fibers of this kind and up to ~600 nm in extreme cases. (C) Paired triplet fibers (~15% of total) with diameters of ~18 nm at the thickest parts and ~9 nm at the crossovers. the inter-crossover spacing is ~100 nm in most cases. Arrowhead marks a transition point at which one triplet fiber ends and only the other one continues. (D) Fiber with six 5 nm single fibrils arranged in a ribbon (~4% of total) varies from ~25 nm in width at the thick parts and ~5 nm at the crossovers, with axial repeat lengths between 150 and 300 nm. (E) Compact fiber with possibly six or more single fibrils (~1% of total). their diameter is a relatively constant between 17 and 22 nm. the number of elementary fibrils inferred to be present in these various kinds of pH 2 fibers is based on massper-unit-length measurements using scanning transmission electron microscopy, as well as negative staining eM. Adapted from Journal of Molecular Biology, 370(4), sabate r, Baxa U, Benkemoun L, et al, Prion and non-prion amyloids of the Het-s prion forming domain, 768-783, Copyright © 2007, with permission from Elsevier.
